This paper describes and evaluates the performance of a regional climate model developed at the State Key Laboratory of Numerical Modeling for Atmospherics Sciences and Geophysical Fluid Dynamics/Institute of Atmospheric Physics (LASG/IAP). The model has been developed based on the numerical forecast model, Advanced Regional Eta-coordinate Model (AREM), of LASG/IAP. An advanced radiation package and a common land surface scheme have been included into the AREM. The new model is regarded as the Climate version of AREM and named CREM. To evaluate its performance in reproducing the summer climate over eastern China, the CREM with 37 km horizontal resolution was integrated from 1 May to 1 September of 1995-2004. The lateral boundary forcing data is derived from the NCEP-DOE (National Centers for Environmental PredictionDepartment of Energy) reanalysis data at 6-h intervals. Evaluations on the model performance indicate that the CREM can reasonably reproduce the spatial distributions of climatological monthly (June, July, and August) mean precipitation and circulation over eastern China. The simulated monthly mean precipitation has high Corresponding author: Rucong Yu, State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences, China Meteorological Administration, 46 Zhongguancun Nandajie, Beijing 100081, China. E-mail: yrc@cma.gov.cn 6 2009, Meteorological Society of Japan spatial correlation with the observation over central-eastern China, except with larger variability. Compared with the precipitation, both the spatial distribution and the spatial variability of geopotential height at 500-hPa and the zonal wind at 200-hPa are better simulated. The interannual variation of precipitation anomalies over centraleastern China is well captured by the model. The variation of the Meiyu front is realistically depicted except that the simulated rainbelt shifts northward in July. A case study of the 1998 flooding year suggests that the model can reproduce not only the seasonal mean precipitation and circulation, but also the temporal evolution of the rainfall and monsoon system over eastern China. In particular, the two northward-propagating intraseasonal oscillation events are successfully captured in the simulation. The main deficiency of CREM is the overestimation of rainfall amount and the northward shift of the rainbelt, which probably results from the high frequency of rainstorms and exaggerated thermal contrast between central-eastern China and southern China.
Introduction
Regional climate models (RCMs or RegCMs) have been rapidly developed and widely used in climate research (e.g., Giorgi 1990; Jones et al. 1995; Christensen et al. 1997; Qian et al. 1997; Ding et al. 1998; Leung et al. 1999; Caya and Laprise 1999; Liu and Qian 1999; Fu et al. 2000; Wang et al. 2004 ) since the pioneering work by Dickinson et al. (1989) and Giorgi and Bates (1989) . They are referred to as useful ''downscaling'' tools of global general circulation model (GCM) information (Rojas and Seth 2003; Giorgi et al. 2004) because RCMs with fine resolution can better represent those regional and local scale forcings due to complex topography, land-use characteristics, landocean contrasts and so on (IPCC 2001) .
Eastern China is surrounded at its southeastern edge by the complex coastlines and at its southwestern edge by the Tibetan Plateau. The complexity of geographic features produces distinct climatic characteristics. The East Asian summer monsoon (EASM) is one of the most important climatic phenomena, which has great influence on the weather and climate over eastern China. As an important component of EASM, the Meiyu front system exhibits considerable interannual variation and seasonal evolution and often leads to flood and drought over Yangtze-Huai River valley (Tao and Chen 1987; Ding 1994) . Due to coarse spatial resolution, present GCMs can not well capture the activities and structures of Meiyu fronts which are closely related to heavy precipitation (Yu et al. 2000; Zhou and Li 2002) . Therefore, RCMs have been employed to depict the structure and evolution of EASM (e.g., Liu et al. 1994; Wei and Wang 1998; Luo et al. 2002; Wang et al. 2000; Wang et al. 2003 ; Lee et al. 2004; Hsu et al. 2004 ) and investigate the mechanism of heavy rainfall events over Yangtze River valley (YRV) (Feng and Zhang 2007) .
Comparison between RCMs-simulated mean climatology and the observation has been carried out by many meteorologists (Lee and Suh 2000; Li and Ding 2005; Feng and Fu 2006; Liu et al. 2006; Xiong et al. 2006 ). Lee and Suh (2000) showed that NCAR RegCM2 well reproduced the largescale features associated with the summer monsoon system, but the simulated western Pacific subtropical high (WPSH) was too strong, thus the monsoon rainbelt was shifted northward by 2 -3 , as well as the simulated ground temperature being systematically cold over North China. By analyzing the simulated East Asian monsoon and precipitation over China during 1998 , Li and Ding (2005 found that the regional climate model (RegCM/National Climate Center) could well reproduce the seasonal patterns of mean circulation and seasonal march of the East Asian monsoon, but the exaggerated summer air temperature di¤er-ence between the land and ocean in the lower troposphere resulted in a stronger summer monsoon, and hence an overestimated rainfall in North China.
Most RCMs show biases in simulating the rainfall over eastern China. Besides the uncertainty stemming from model formulation, these biases are partially attributed to topographic representation. A regional Eta-coordinate model (REM, Yu 1989; Yu et al. 1994 ) is designed for treatment of complex topography over East Asia and has been widely used for heavy rainfall forecast, drought evaluation and environment pollution simulation, e.g., Yu et al. (1994) , Zhang et al. (2003) , and Ju et al. (2003) . Recently REM was improved and renamed AREM (Advanced REM, ). The resolution, lateral boundary conditions, initial fields, standardization and modularization of the model were greatly improved. Some advanced physical schemes have been introduced into the model ). The implicit grid-scale saturation-based condensation scheme was replaced by an explicit prognostic cloud scheme (Xu et al. 1998) which predicts the generation rates of water vapor, cloud water and rain. A nonlocal boundary layer scheme (Holtslag and Boville 1993) replaced the original k-di¤usion local scheme. Based on these improvements, AREM shows great capability in forecasting heavy rainfall over most of China region. The case study of 2003 summer rainfall showed that the AREM could well capture not only the mean precipitation distribution and rainfall centers over eastern China, but also southnorth movement of the rainbelt .
Recognizing the importance of regional climate model in climate studies, the State Key Laboratory of Numerical Modeling for Atmospherics Sciences and Geophysical Fluid Dynamics/Institute of Atmospheric Physics (LASG/IAP) has put much e¤ort in regional climate model development in recent years. In the original AREM, a bulk aerodynamics-based scheme from Deardor¤ (1972) was used to calculate surface momentum, heat, and moisture flux. And only the surface radiation balance was considered (Benjamin 1983) . To adapt its use to long-term climate simulations, it was essential for AREM to represent more detailedly radiative transfer process and interactions among vegetation, soil, and atmosphere. Therefore, recently an advanced radiation package and a widely used land surface model have been coupled to AREM. The objective of this paper is to describe the recently developed regional climate model and examine its ability to simulate the climate over eastern China during the East Asian summer monsoon season.
The other parts of the paper are organized as follows. Section 2 gives a description of the regional climate model. Design of the numerical experiment is given in Section 3. And Section 4 discusses the results of simulated climatology and the 1998 case study. Conclusions and discussions are presented in Section 5.
Model description
Based on the numerical forecast model AREM developed at LASG/IAP, a regional climate model has been preliminarily developed. It is an extension of the AREM (hereafter CREM). To accurately represent the radiation transfer process and surface energy budget, we implemented an advanced radiation package (Edwards and Slingo 1996; Sun and Rikus 1999 ) and a land surface scheme (Dickinson et al. 1993) . With these new improvements, the model has been developed to be suitable for climate research. A brief description of CREM, including the dynamical core, physical processes, etc., is given in Table 1 .
The hydrostatic primitive equations in spherical coordinate are used in CREM. And the mathematical formulations are derived from the IAP GCM (Liang 1986; Zeng et al. 1989) , which can perfectly guarantee energy and mass conservations by designing some time-space finite di¤erential schemes (Zeng et al. 1982; Zeng and Zhang 1982; Zeng et al. 1985) . To consider steep mountains, such as those over the Tibetan Plateau, the eta (h) coordinate is utilized as vertical coordinate (Mesinger 1984) . The complex topography is constructed to be steplike mountains, and the coordinate surfaces are quasi-horizontal. Consequently the problem of pressure gradient force error at steep topographic area in terrain-following coordinate is eliminated. The Arakawa E-grid (Arakawa and Lamb 1977) is used for CREM in the horizontal. Diagnostic geopotential height and vertical velocity are defined at the interface of the vertical levels against other prognostic variables. Departures of temperature, geopotential height and surface pressure from their ''standards'' are used in the prediction equations to increase the calculating precision (Zeng 1963) . Computations are performed using a two-step shape-preserving advection scheme and a ''halfspace-increment'' finite di¤erence scheme that are designed for reasonable and accurate calculations of moisture advection (Yu 1994; Yu et al. 1994) . A split explicit scheme is used in the time integration to make it possible for each part of a set of equations to have its own suitable finite-di¤erence scheme (Yu 1989) .
The Biosphere-Atmosphere Transfer Scheme version 1e (BATS1e, Dickinson et al. 1993 ) is used to calculate the land-atmosphere exchanges of momentum, energy and water vapor and describe the role of vegetation in modifying the surface moisture and energy budgets. The ocean surface flux parameterization of Zeng et al. (1998) , which employs a drag coe‰cient-based bulk aerodynamic algorithm, is included in the model. The planetary boundary layer computations are performed using the nonlocal formulation of Holtslag and Boville (1993) . Other physical processes included in the model are discussed below.
The explicit prognostic warm cloud scheme (Xu et al. 1998 ) is used to represent the grid-scale moist processes. Prognostic variables in the scheme include mixing ratio of water vapor, cloud water and rain. Six cloud physical processes are considered, including condensation of water vapor to form cloud water, evaporation of cloud water, condensational growth of rain, evaporation of rain, autoconversion of cloud water to form rain, and accretion of cloud water by rain (see Xu et al. 1998 and Yu et al. 2004 for details) . To maintain all species of water substance (water vapor, cloud water, and rain) non-negative and total amounts of water substances conservative in this scheme, the transfer amounts of water substances from one species to another species are adjusted proportionally during integration process.
The Betts-Miller cumulus parameterization scheme (Betts 1986; Betts and Miller 1986) with some modifications is used to compute convective precipitation. Only deep convection in which cumulus convection can penetrate at least six model levels is considered in this model. In this parameterization scheme, convection is triggered under conditions that the strength of water vapor convergence, threshold relative humidity and positive buoyancy for adiabatic ascending in at least two neighboring model levels are satisfied. In the presence of convection, model profiles of temperature and specific humidity are relaxed toward the field-generated reference quasi-equilibrium thermodynamic profiles. The total enthalpy constraint is kept in the convective adjustment processes.
The radiation package used in this model is originally developed by Edwards and Slingo (1996) and later improved by Sun and Rikus (1999) . Radiation fluxes in the atmosphere are calculated by using two-stream equations, in which the spectrum is divided into 7 bands for long wave and 4 bands for shortwave. Cloud-radiation interactions are treated di¤erently on short wave and long wave. The radiative properties of clouds are parameterized separately for water and ice as functions of condensed water content and e¤ective radius. These parameterizations are based on the scheme developed by Sun and Shine (1994) for longwave radiation, and follow the scheme of Slingo and Schrecker (1982) and Chou et al. (1998) for shortwave radiation. Moreover, the shortwave radiation calculations are also related to surface albedo components computed in BATS1e.
Cloud amount in the model is diagnosed using the semiempirical cloudiness parameterization scheme developed by Xu and Randall (1996) . It is assumed that cloud water is frozen when temperature is less than 233.15 K. The cloud amount (Cs) Spatial di¤erence scheme One-grid di¤erence scheme and half-grid di¤erence scheme for various parts in the equations (Yu 1989) Time integration scheme Split explicit scheme (Yu 1989) Moisture advection Two-step shape-preserving advection scheme (Yu 1994) Land surface scheme BATS1e (Dickinson et al. 1993) Ocean flux scheme Bulk aerodynamic algorithm (Zeng et al. 1998) Radiation scheme Edwards and Slingo (1996) , Sun and Rikus (1999) Planetary boundary layer scheme Nonlocal atmospheric boundary layer scheme (Holtslag and Boville 1993) Large scale precipitation scheme Explicit prognostic warm cloud scheme (Xu et al. 1998; Convective parameterization scheme Modified Betts-Miller cumulus parameterization (Betts and Miller 1986; Sea surface temperature Weekly OISST data (Reynolds et al. 2002) depends on both relative humidity (RH) and cloud water-ice mixing ratio (q),
where p, g, and a 0 are constants and taken to be 0.25, 0.49, and 400, respectively; q Ã is saturated water vapor mixing ratio.
For lateral boundary conditions, many RCMs use the relaxation methods by which Newtonian and di¤usion terms drive the model solution towards the large-scale forcing fields in the bu¤er zone (Davis and Turner 1977) . The CREM adopts one-way nesting tendency correction and its bu¤er zones take 10 model boundary circles whose weighted coe‰cients w ðnÞ vary linearly in the normal direction. The boundary conditions are given by
Where, n stands for the number of grids inward from the lateral boundary, A for a variable, subscript MC for tendency obtained from the CREM and subscript LS for a large-scale forcing field given by analysis/reanalysis data or GCM.
Experiment design and data
The model domain is defined in the area of 13 -53 N, 90 -140 E ( Fig. 1 ) with a spatial resolution of 37 km in the horizontal and uneven 32 levels from the model bottom to 10-hPa in the vertical. NCEP-DOE (National Centers for Environmental Prediction-Department of Energy) reanalysis data at 6-h intervals with a resolution of 2:5 Â 2:5 in the horizontal and 17 pressure levels up to 10-hPa (Kanamitsu et al. 2002) are used to define the driving fields which provide initial conditions and lateral boundary conditions to the CREM. Sea surface temperature is obtained from weekly Optimally Interpolated Sea Surface Temperature (OISST) data with 1 Â 1 resolution (Reynolds et al. 2002) , which are interpolated into the model grids by bilinear interpolation in space and linearly interpolated in time. Over the land, the initial surface soil and canopy temperatures are obtained from the lowest model level with a standard lapse rate of 6 C/km. Initial snow depths are set to be zero. The vegetation type data with the resolution of 10 0 from U.S. Geological Survey (USGS) is reanalyzed for the model based on a dominant vegetation type in each grid box. The 10 0 USGS topographic dataset is used to obtain the model topography.
To evaluate the model's ability in simulating the summer climate over eastern China, ten 4-monthlong simulations were performed starting on 1 May of 1995-2004. In these experiments, the dynamical core was updated every 225 seconds and other physical processes were called at the same time step except that the radiation calculation was carried out every 3 hours.
To verify the simulation results, the data from the daily NCEP-DOE reanalysis data and meteorological stations are used. The daily NCEP-DOE reanalysis data are used to evaluate the simulated circulation. The observed daily precipitation data are obtained from the national climatic reference network and the national weather surface network of China.
The following analysis will focus mainly on summer (June, July, August) months. And the first five days are regarded as a model spin-up period.
Results

Mean climatology a. Precipitation
The observed and simulated monthly mean daily rainfall distributions in the 3 months from June to August of 1995-2004 are compared in Fig. 2 . The features of the summer monsoon rainfall over China have been described in previous studies (Tao and Chen 1987; Ding 1992) . Based on the meteorological observation data in June (Fig. 2a) , two main rainbelts can be found over eastern China. One is located in the mid-lower reaches of the Yangtze River and the other is located on the southern edge of the continental China. The CREM reasonably reproduces the two rainbelts, except with a greater amount and northward shift of locations (Fig. 2d) . In July, a southwest-northeastly stretched rainbelt extends from Southwest China to the southeastern region of Northeast China and a maximum of precipitation over the coastal area of South China is identified from the observation (Fig. 2b) . The CREM well captures the location of the northern rainbelt, albeit with stronger intensity (Fig. 2e ). But the model fails to simulate the maximum rainfall over southern China. In August, the observed 10-year mean climatology shows a rainfall center over southwestern China and high rainfall regions along the coastal area (Fig. 2c) . These two features have been well reproduced by CREM, as shown in Fig. 2f , except with a larger amount. The rainfall south of the YRV is overestimated in the model. In general, the model tends to overestimate the total precipitation in most of eastern China when compared to the observation. The rainfall bias approaches 6 mm/day in southern China. Nonetheless, the spatial patterns of monthly mean daily rainfall over eastern China are basically reproduced. The model also captures the seasonal evolution of precipitation well (Figs. 2d-f ).
b. Circulation fields
To evaluate the model performance in simulating the East Asian summer circulation, the monthly mean wind at 850-hPa, the zonal wind at 200-hPa and the geopotential height at 500-hPa are analyzed (Fig. 3) . The circulation patterns derived from the reanalysis data are presented in Figs. 3a-c for comparison. The westerly jet is an important component of the East Asian summer monsoon (Zhou and Yu 2005; Zhang et al. 2006) . In June and July, the CREM reasonably simulates the East Asian jet in terms of both central position and strength of maximum wind speed. But over North China, the 200-hPa jet has been shifted northward, compared with the reanalysis. The low level flow over southern China in CREM is stronger than that in the reanalysis, while the 850-hPa wind speed north of the 40 N has been underestimated (Figs. 3d,e) . In August, the CREM presents a stronger 200-hPa zonal wind over East Asia. The low level flow, which has weakened in the reanalysis (Fig. 3c) , still remains strong in the simulation (Fig. 3f ) . Compared to the reanalysis, the location of 5880-gpm contour line shifts eastward in all the three months. However, the location of the ridgeline of the simulated western Pacific subtropical high agrees well with that of the observation. In general, the summer circulation simulated by CREM is similar to that in the reanalysis.
To further quantitatively examine the model's ability, central-eastern China (25 -40 N, 105 -125 E) , in which floods often occur, is selected as a target area. Figure 4 gives the standard deviation and correlation with observations of the spatial variability for monthly mean precipitation, the zonal wind at 200-hPa, the geopotential height at 500-hPa, and the meridional wind at 850-hPa over central-eastern China from June to August of 1995 August of -2004 in the CREM simulation. The standard deviation is normalized to the corresponding observed value. The zonal wind at 200-hPa and geopotential height at 500-hPa are well simulated, with the model exhibiting a correlation larger than 0.95 with the observations and the simulated variance being nearly within G25% of the observation. The precipitation and the meridional wind at 850-hPa are simulated less well, with larger variance than the observation. The precipitation biases may be associated with the biases in the low level wind field. The spatial correlation coe‰cients of all variables exceed 0.73 which is statistically significant at the 1% level.
c. The contributions from various precipitation categories Above analysis shows that the precipitation over most of the model domain is overestimated. To delineate what kind of precipitation is responsible for the overestimation, composite analyses of the total rainfall for both the observation and simulation are presented in Figs. 5, 6. According to daily rainfall amount, precipitation is divided into four categories: light rain (0.1 mm/day a PR < 10 mm/ day), moderate rain (10 mm/day a PR < 25 mm/ day), heavy rain (25 mm/day a PR < 50 mm/day) and storm (50 mm/day a PR). Figure 5 shows the percentage contribution of each kind of rainfall to the total rainfall amount in both the observation and simulation. The corresponding distributions of frequency are shown in Fig. 6 . The light rain accounts for more than 50% in amount over western China in both the observation and simulation (Figs. 5a,e). Compared with those in western China, the percentages of amount and frequency are pretty low in eastern China (Figs. 5a,e, 6a,e) . The CREM tends to overestimate the frequency of light rain over southwestern China, southern China and part of North China (Fig. 6e) . The maximum centers of both the amount and frequency of moderate rain are located over southwestern China (Figs. 5b, 6b) , which have been well simulated by the CREM (Figs. 5f, 6f ). But the model fails to represent the center over the southern coastal area. For the heavy rain, the CREM captures the rainbelt with high percentages of amount and frequency south of the YRV. But it overestimates the heavy rain over parts of northern China and underestimates the heavy rain in the southern coastal area (Fig. 5h) . To be noted is that for both heavy rain and storm, the frequencies are greatly overestimated in most areas (Figs. 6g,h ). In summary, the CREM can well simulate the spatial distribution of rainfall amount and frequency of light and moderate rain, as well as that of heavy rain over the YRV, but fails to depict the spatial distribution of that of storms.
Interannual variation of precipitation
The interannual variation of precipitation over China has been investigated in previous works (Tao et al. 1988; Lu 2005; Zhou and Yu 2005) . Based on the location of the main rainbelt, there are three typical anomalous summer rainfall patterns over eastern China. The rainbelt is located either along Huai River valley, or along the YRV or South China, or over North China (Zhao 1999) . The observed and simulated summer mean precipitation anomalies from the ten-year mean over central-eastern China (25 -40 N, 105 -125 E) are shown in Fig. 7 . The CREM reasonably reproduces the strong interannual variation of rainfall over central-eastern China. The temporal correlation coe‰cient between the simulated precipitation anomalies and the observation is 0.58, which is statistically significant at the 5% level. The simulated rainfall anomalies have the same signs as the observation in eight years and the magnitudes of the CREM simulation are similar with the observation in five years, viz. 1997, 1998, 2001, 2003, and 2004 . It seems that when the observational main rainbelt is located along the YRV, it would be highly reproducible by CREM. But when the rainbelt is located over Huai River valley or South China, it is di‰cult to capture the signs of rainfall anomalies. The simulated strong positive rainfall anomaly in 1999 may have resulted from the northward shift of the rainbelt as in 2002. The simulated rainfall anomaly in 2000 is weaker than the observed. These di¤erences between the simulation and the observation are closely related to the circulation biases which may result in too much northward moisture transport.
Short-term variation of Meiyu system
Heavy rainfall usually happens during Meiyu period from mid June to mid July when the stationary Meiyu front is located along the YRV. The heavy rainfall mainly results from the interaction between the Meiyu front and tropospheric moisture convergence (Tao and Chen 1987) . To examine the evolution of the Meiyu system, heavy precipitation greater than 9 mm/day is used to describe the location of the Meiyu front in this analysis (Wang et al. 2000) . And the 10-day mean is used as the averaged period to analyze the evolution of the Meiyu front.
The observed and simulated evolution of the Meiyu system from mid-June to mid-July is compared in Fig. 8 . The location of the rainbelt is closely associated with the 200-hPa westerly jet and western Pacific subtropical high in the observation. During mid-June to mid-July, the observed rainbelt is located along the YRV and gradually advances northward (Figs. 8a-c) . The rainfall pattern, especially the orientation of the rainbelt, is reasonably simulated except the location of the simulated rainbelt being shifted northward by 2 -3 relative to the observation. The relationship between the rainbelt and circulation components is well simulated. For the period of 16-25 June, the observational upper tropospheric jet is centered in 36 N. In the south, the 5860-gpm contour penetrates throughout South China. The rainbelt along the YRV is located over the southwest of the jet entrance region. This feature is well simulated by the model. Meanwhile, the southwest-northeast orientation of the rainbelt is realistically depicted. The simulated 5860-gpm contour is consistent with the observation (Fig. 8d) . During 26 June to 5 July, the observed rainbelt moves slightly northward accompanying the strengthened subtropical high. Compared with those in the last 10 days, the spatial variation of rainfall and subtropical high is well reproduced by the CREM, although the simulated subtropical high is weaker than the observed. At the same time, the weakening of the upper tropospheric westerly jet in northern China is captured (Fig. 8e) . In mid-July, the rainbelt mainly stays along the YRV and a branch of the rainbelt reaches Huai River valley. The CREM reproduces well the rainfall pattern and rainfall centers. The decrease of the precipitation amount is also captured. Accordingly, the 200-hPa westerly jet weakens from 25 m/s to 20 m/s and the subtropical high retreats eastward with northward extension. The variation of circulation fields is well captured, except for the jet intensity. The CREM can reasonably reproduce the rainfall pattern, especially its orientation, and the evolution of the rainbelt, as well as the related circulation fields.
4.4 The possible reason for the northward shift of simulated rainbelt The meridional variation of precipitation and the height-latitude cross section of meridional circulation averaged between 105
and 122 E is shown in Fig. 9 . Compared with the observation, the CREM produces less precipitation over South China Sea (SCS), which is consistent with the northward shift of the rainbelt over coastal region of South China (Figs. 2d-f ) . In the reanalysis, strong ascending motion is seen over the southern region (south of 30 N) (Fig. 9b ). But the simulation shows weak ascending motion, even sinking motion over SCS (Fig. 9c) . The simulated southerly over the southern region is too strong and the southerly center shifts northward relative to the observation. The bias of wind fields should be responsible for the northward shift of the main rainbelt over Yangtze-Huai River valley (Figs. 8d-f ) .
The vertical structure of biases of the simulated atmosphere from the reanalysis for air temperature, specific humidity and zonal wind is shown in Fig.  10 . In order to analyze the biases, the model domain is divided into South China (20 -28 N, 108 -121 E), central China (28 -34 N, 108 -121 E) and North China (34 -42 N, 108 -121 E). The vertical structure of the simulated air temperature shows positive biases below 200-hPa over these three regions. This probably results from too strong latent heating which is attributed to the overestimated precipitation (Fig. 9a) . There exist the largest positive biases in the low-troposphere over central China, the second over South China, and the last over North China. However, the positive biases in the mid-troposphere over North China exceed the biases over the two other regions. It leads to the decrease of the temperature gradients over the northern region and the increased gradient of temperature over South China (Fig. 10a) . The large westerly and easterly biases are seen in the lower troposphere over the southern region and North China, respectively (Fig. 10c) . As shown in the Fig. 9c , the simulated sinking motion appears over SCS and is much different from the reanalysis. It results in divergence in low levels and an intensified southerly over the southern region (Fig. 9c) . More moisture is transported to central and North China (Fig. 10b) . Then the precipitation over central China is overestimated which has feedbacks on the circulation. 4.5 The extreme climate event-a case study of 1998 Heavy rainfall and severe floods have occurred over the central-eastern China during the summer in 1998. Because of the abnormal Meiyu front activities and the significant interactions between mesoscale and planetary circulation systems (Ding and Liu 2001) , the case of 1998 has always been selected to evaluate the performance of RCMs in simulating the extreme climate events (Wang et al. 2003; Hsu et al. 2004; Lee et al. 2004) .
The observed and simulated spatial distributions of summer rainfall over eastern China in 1998 are shown in Fig. 11 . It's obvious that the CREM captures the rainband and rainfall centers along the YRV fairly well, including the large amount of regions over southwestern China, the mid-lower reaches of the YRV (Fig. 11b) . The significant disagreement of the simulation with observation is the overestimation of rainfall amount over most regions and the missing of rainfall center over South China.
The anomalies of the summer mean wind at 850-hPa and the geopotential height at 500-hPa in 1998 are also well depicted (Fig. 12) . Compared to the reanalysis (Figs. 12a,b) , the model realistically simulates the low-level anomalous cyclone (Fig.  12c ) and the 500-hPa abnormally low height center over the region around 105
-125 E and 40 -50 N (Fig. 12d) . Meanwhile, the positive 500-hPa geopotential height anomalies over the southern region are also reasonably reproduced. The height over southeastern China and the adjacent ocean is underestimated. In correspondence to the elevated height in southern China, the low-level jet is strengthened in both the reanalysis and the simulation.
In order to show the temporal evolution of the monsoon system in the summer of 1998, Fig. 13 presents the time-latitude distribution of daily precipitation amount zonally averaged between 110 E and 120 E. The observed strong precipitation events are found in South China (20 N and 25 N) during late May and early June (Fig. 13a) . In the third pentad of June, the rainbelt jumped northward to the YRV and stayed at around 28 N for about half a month. In the simulation (Fig. 13b) , the position and the meridional movement of the rainfall center during May and June are similar to those of the observation. At the end of June, the rainbelt moved to the north of the YRV in both observation and simulation. From the station data, it can be seen that the heavy rain reappeared in the YRV in mid-July and stayed there up to the end of the month. The retreat of the rainbelt is reasonably simulated. The model failed to capture a series of rainfall events in South China since mid-June, which led to the missing of the rainfall center in the southern regions (Fig. 11b) .
Consistent with the temporal evolution of the observed rainfall (Fig. 13a) , two northward advancing southwesterly airflow can be identified in Figs. 14a,b. The two events start from late May and the second pentad of July, respectively. From the timelatitude distribution of equivalent temperature (Fig.   Fig. 10 . Vertical distributions of the 10-year summer mean di¤erences between model simulation and NCEP-DOE reanalysis data for (a) air temperature, (b) specific humidity, and (c) zonal wind. Units are C for air temperature, g/kg for specific humidity, and m/s for zonal wind. 14c), the two separated Mei-yu fronts and their corresponding moving tracks are seen. These features are reasonably simulated by CREM. In the lowlevel wind field (Fig. 14d,e) , the model simulated two northward advances more clearly than the reanalysis, with a stronger wind speed. For the equivalent temperature at 850-hPa, the persistence of the maximum center over the YRV is well simulated, except with a strong Meiyu front remaining until the end of August, when the equivalent temperature in the reanalysis is weakened significantly (Fig. 14f ) .
Summary and concluding remarks
Summary
In this paper, a new regional climate model named CREM, which is developed at LASG/IAP, is described. This model was developed based on the numerical forecast model AREM. An advanced radiation package and a common land surface scheme are incorporated into the model. The performance of CREM in simulating the summer climate over eastern China is evaluated based on a set of four-month simulations covering 1995-2004. The main results are summarized below.
(1) The CREM can well simulate the spatial patterns of the ten-year mean precipitation and circulation fields over eastern China for June-August, especially the seasonal evolution of precipitation. The simulation has a spatial correlation coe‰cient of greater than 0.73 with the observation over centraleastern China. However, the simulated meridional wind at 850-hPa, as well as precipitation, has larger spatial variability than the observed.
(2) The interannual variation of summer pre- (3) The northward shift of rainbelt over eastern China in the simulation is closely related to the bias in the thermal contrast between central China and southern China. The stronger thermal contrast, which is probably associated with overestimated rainfall over northern regions and underestimated rainfall over SCS, may result in an intensified zonal wind in the lower troposphere. Meanwhile, the anomalous sinking over SCS may lead to an increase of the southerly over southern China. Thus more moisture is transported northward, resulting in the northward shift of rainbelt.
(4) A case study of 1998 summer flooding over eastern China reveals a reasonable model performance in producing the spatial pattern of rainfall. The temporal evolution of the summer rainbelt and the relevant East Asian summer monsoon circulation, especially the first Meiyu process over the YRV starting from mid-June to early July, are also well reproduced. And the second Meiyu process starting from mid-July is partly simulated.
Discussion
Numerical simulation of the monsoon rainfall over eastern China has been a di‰cult task for climate modelers (Shi et al. 2008) . Previous examinations on global atmospheric models found a large bias and there has been a lot of literature on this topic, e.g. Yu et al. (2000) , Zhou and Li (2002) . While the CREM shows some encouraging results, a northward shift of the monsoon rainbelt is also evident over eastern China. This bias may not be a model-dependent feature, since similar biases are also found in other regional model simulations (Lee and Suh 2000; Li and Ding 2005) . The reason for this bias warrants further study. As shown in section 4.1c, heavy rainfalls and storms occur more frequently in the CREM simulation. We suggest that the precipitation parameterization scheme might be partly responsible for our model biases. Through increasing the threshold values for precipitation in Kessler's scheme (Kessler 1969) , which is used in the CREM, the precipitation amount over eastern China is improved in our preliminary sensitivity experiments (figure not shown here). In order to reduce the model biases, di¤erent convective parameterization schemes will be tested in the CREM in the near future. In addition, running the CREM in the numerical weather prediction (NWP) mode is probably an e¤ective way to identify parameterization deficiencies and to gain insights on how rainfall simulation over eastern China might be improved (Phillips et al. 2004 ).
